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Abstract: This paper describes an electrostatic excited microcantilever sensor operating in 
static mode that is more sensitive than traditional microcantilevers. The proposed sensor 
comprises a simple microcantilever with electrostatic excitation ability and an optical or 
piezoresistive detector. Initially the microcantilever is excited by electrostatic force to near 
pull-in voltage. The nonlinear behavior of the microcantilever in near pull-in voltage i.e., 
the inverse-square relation between displacement and electrostatic force provides a novel 
method for force amplification. In this situation, any external load applied to the sensor 
will be amplified by electrostatic force leading to more displacement. We prove that the 
proposed microcantilever sensor can be 2 to 100 orders more sensitive compared with 
traditional microcantilevers sensors of the same dimensions. The results for surface stress 
and the free-end point force load are discussed.  
Keywords: microcantilever; force amplification; pull-in voltage 
 
1. Introduction  
Micro- and nano-sensors, especially microcantilever sensors, have attracted considerable interest for 
recognition of target analytes in biological and chemical and force sensing because of their fast, ease of 
use and inexpensive properties [1-3]. Despite the promising characteristics of the microcantilever 
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sensor, the low detection limit is a barrier in some applications. For example, in microcantilever based 
electronic noses, it is difficult to see down to the parts per trillion (10
12) level, even in highly optimized 
conditions; whereas the canine nose can work down to the parts per quad (ppq) levels. Consequently, 
trained dogs currently are the ‘‘gold standard” method for analyte detection [4]. As another example, 
in some cases surface stress microcantilever sensors could not be used to measured low concentrations 
of bimolecular species [5,6]. These examples show some of the challenges in the development of the 
applications of microcantilever sensors.  
To increase the sensitivity of microcantilever sensors, and therefore, to overcome many of these 
challenges, a number of methods have been developed [7,8] that can be categorized into: (1) geometric 
optimization of sensors [9-20]; (2) improvements to the materials used in the fabrication of   
sensors [21-26]; (3) use of more precise detection methods to detect microcantilever bending [27-29]; 
(4) improvements to the biological binding in order to increase exerted biological force [30-32]. These 
categories do not include improvements in readout circuit systems. 
Several groups have published reports on the best microcantilever shape in order to achieve 
maximum sensitivity. Louia and coworkers designed, fabricated, and tested five piezoresistive 
cantilever configurations to investigate the effect of shape and piezoresistor placement on the 
sensitivity of microcantilevers [11]. Sukuabol et al. [12] used various cantilever shapes and found that 
the long-base U-shape and inverse-T-shape provide optimum geometries for SU-8 microcantilever 
sensitivity. Decreasing the thickness of the microcantilevers is another common strategy to increase their 
sensitivity [13]. By using Finite Element analysis, Chivukula et al. [14] have shown that optimizing the 
device dimensions is useful, to a great extent, in increasing the sensitivity of the device. Another 
traditional shape optimization method for enhancing the piezoresistive detection sensitivity is based on 
the stress concentration regions (SCRs) that have been studied by many groups [15-18]. Yang et al. [19] 
designed and fabricated a quad-cantilever sensor with a four-cantilever half-sensitive Wheatstone bridge 
for improving trace chemical sensing performance. In [20] a double-microcantilever design has been 
developed to overcome the thermal stress effect. The double microcantilever is composed of a top 
immobilized microcantilever and a bottom sensing microcantilever. These two microcantilevers could 
increase the sensitivity by more than two orders of magnitude and minimize the induced thermal 
effects. 
Conventionally, microcantilever sensors are fabricated on a silicon substrate [21]. Recently a 
polymeric microcantilever is developed which has a much lower Young’s modulus than conventional 
Si microcantilevers [22,23] and can improve the sensitivity of the sensor. In addition, SiO2-based 
microcantilevers are good candidates having a higher sensitivity because they are made of materials 
with a lower Young’s modulus (57–70 GPa) than that of Si (170 GPa). For example, Li et al. [25,26] 
showed that piezoresistive microcantilevers made of silicon dioxide are more sensitive than   
silicon-based microcantilevers. The embedded piezoresistor is made up of single crystal silicon and is 
fully insulated from the surrounding environment by SiO2, resulting in lower electric noise. 
The current detection methods in microcantilever biosensors include piezoelectric or piezoresistive 
detectors for tension sensing and optical or capacitive detectors for displacement measurement. 
Displacement detectors usually have a higher sensitivity and can respond to very weak input signals. 
However, the limitation of working in liquid media, which is essential for biological sensors, is the 
main drawback of displacement detectors. To address this problem, metal-oxide semiconductor   Sensors 2011, 11                                       
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field-effect transistors (MOSFET) have been used by Shekhawat and coworkers to achieve a higher 
sensitivity in microcantilever biosensors [27]. 
A successful method that has been used for increasing the biological force has been implemented in 
the force amplified biological sensor under development at the Naval Research Laboratory [32]. This 
instrument uses forces produced by micron-sized labeled magnetic particles on biological receptor to 
pull on biomolecules and then the external magnetic field results in piconewton-level forces with 
sufficient sensitivity to be detected by piezoresistive microcantilevers. Unfortunately, the cost, size, 
and mechanical complexity of this labeled sensor often preclude their use [32]. 
Conventional microcantilever sensors work in a linear mode of operation, but recently the nonlinear 
operation of sensors especially in resonator-based microdevice [33] has received considerable 
attention. The geometrically nonlinear deformation of beams can be used to improve the signal to noise 
ratio and robustness for sensors like mass sensor based on parametric resonance [34] and parametric 
amplification in a microelectromechanical system (MEMS) gyroscope [35].  
In this paper a novel microcantilever with electrostatic excitation that is more sensitive than 
traditional rectangular microcantilevers is proposed. The basic idea comes from the nonlinear 
electrostatic force: 
     
       
2           (1) 
where    = 8.854 × 10
−12 C.N/m is the permittivity of vacuum, V is the applied voltage and g is the 
initial gap between the movable and the ground electrode. In Equation (1) the electrostatic force is 
inversely related to the distance of the two electrode surfaces. Therefore, if a load on the 
microcantilever with b width reduces the distance between the two electrode surfaces, the electrostatic 
force increases and hence, the displacement of the microcantilever, w, continuously increases. Based 
on this phenomenon, the electrostatic force can amplify others sources of load and so, very low forces 
or surface stresses can be observable. The proposed microcantilever sensor that is similar to a 
microswitch could be fabricated by most micromachining processes. An advantage of this sensor over 
the microcantilever is that this approach can amplify the input load without the need for labeling. In 
addition, many other methods for increasing the sensitivity of microcantilever sensors can be 
simultaneously incorporated into the proposed method. 
In the following section, the nonlinear Euler-Bernoulli beam equations for the proposed 
microcantilever sensor have been obtained. The proposed model has been solved by Green’s function 
method, and the verification of results for pull-in voltage and displacement under electrostatic force 
has been performed. In Section 3, the numerical analysis and comparison of the sensitivity of 
traditional microcantilever sensors and the proposed electrostatic excited microcantilever sensor has 
been discussed. In addition, the influence of geometrical factors including the initial gap, width, length 
and thickness on the sensitivity of the microcantilever sensor has been explored. We close the paper 
with concluding remarks in Section 4. 
2. Mathematical Theory 
An electrostatic excited microcantilever sensor is composed of a microcantilever beam separated by 
a dielectric spacer from a ﬁxed ground plane (Figure 1). Based on the operation principle of the S
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For convenience, the model is formulated in a nondimensional form, by introducing the 
nondimensional variables: 
  
 
 
,   /   (6) 
The following nondimensional equation is obtained: 
   
             
         
2        1            
   
   
 
   
   
       1   (7) 
and the associated boundary conditions are: 
  0   
  
  
 0   0   (8a) 
   
     1   0   (8b) 
   
     1   0 (8c) 
According to the deﬁnition of the nondimensional variables, physically meaningful solutions exist 
in the region 0 < u < 1, where u is the deﬂection of the cantilever tip. Integral equation representations 
are useful for understanding the response of a system to a concentrated load, since from the theoretical 
point of view, the solution for an arbitrary load can be constructed using only the known load and the 
solution for a concentrated load [37]. The concentrated load at z =   is modeled using the Dirac delta 
function   z –   . Replacing F(z) with   z –    and u with G in Equation (7), one obtains: 
   
                (9) 
which models a microcantilever beam with a concentrated load at z =  . The solution to this problem, 
called the Green’s function is: 
   
                       0      
                           1
  (10) 
The coefficients ai and bi (i = 0,1,2,3) in Equation (10) are unknown constants. The boundary 
conditions (ﬁxed at z = 0 and free at z =1) are imposed: 
   0   
  
  
 0   0   (11a) 
   
     1   0   (11b) 
   
     1   0 (11c) 
Equation (10) still has four unknown constants to be determined from the continuity of the solution 
and its ﬁrst and second derivatives at n, i.e., 
               (12a) 
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As the deﬂection of a microcantilever beam with concentrated load of unit strength at point   is:  
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  (13) 
Now, the derived Green’s function is used to construct the solution to our nonuniformly distributed 
loading problem. Multiplying Equation (9) by u, Equation (7) by G, subtracting the two Equations, and 
integrating from z = 0 to z = 1, one may obtain: 
   
   
      
   
      
 
 
              
 
 
  (14) 
This is the integral representation of the nonlinear differential Equation (7). In this way, the Green’s 
function is used to turn the nonlinear differential Equation (7) into the nonlinear integral Equation (14). 
Integrating the left side of Equation (14) by parts and applying the boundary conditions Equations (8) 
and (11), all contributions from these terms vanish and one is left with noting that G(z,  ) is a 
symmetric function of z and  , one may rename the variables and write: 
            ,  .   ,    
 
 
  (15) 
The closed-form solution of the deﬂection of the microcantilever tip (i.e., the maximum deﬂection) 
is: 
      1         1 ,   .      1,     
 
 
  (16) 
which is obtained by substituting z = 1 in Equation (15). No solution is possible without assuming a 
shape function for u(ξ). The deﬂection of the microcantilever can be approximated by the following 
quadratic function [38] satisfying the geometrical boundary conditions:  
             (17) 
Substituting Equation (17) into Equation (16) leads to: 
      
         
2        1            
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Evaluating the integrals on the right side of Equation (18), and inserting I from Equation (5) into 
Equation (18) one obtains: 
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(19) 
By solving Equation (19) via Newton’s method or any other method for solving nonlinear algebraic 
equations, the nondimensional microcantilever tip deflection u0 is obtained, which is due to 
electrostatic pre-excitation force, tip applied force and distributed moment. The second and third terms 
on the right hand side of Equation (19) are the well known solutions of microcantilever deformation 
equation without electrostatic excitation. We can separate this part of the solution as: 
            
4   
       (20) 
Because the applied tip force and distributed moment have similar influences on microcantilever 
displacement, as seen in Equation (20), the rest of the paper only investigates the effect of the applied 
tip force.  
To ascertain the validity of the proposed model, Table 1 compares the experimental, analytical and 
simulation results for the deflection of a microcantilever below the pull-in voltage under electrostatic 
pre-exciting force. Table 2 clearly shows that the deflection results of the present work agree with the 
experimental results better than the analytical results of [39] for the same system conﬁguration. In 
addition, the pull-in voltage obtained experimentally in [39] is 68.5 V, which is close to the estimated 
pull-in voltage (69.6 V) using the proposed model. Clearly the pull-in results of the present work are in 
better agreement with the experimental results in comparison to the analytical results of [40] and [41] 
which are 66.4 V and 66.78 V, respectively. A comparison among the results shows that the proposed 
modeling and simulation results have good accuracy compared with other references. Now, we can use 
this model for determining the performance of the proposed electrostatic excited microcantilever 
sensor. 
Table 1. Comparison between analytical and experimental and the present work for 
microcantilevers deformation under electrostatic force.  
Excitation  
Voltage [V] 
Free End Gap (µm)  Absolute Error  
Analytical [39]  Experiment [39]  Present work  (%) 
20 90.2  90.5  90.2  0.3 
40 84.3  84.6  84.3  0.3 
60 71.5  70  70.8  0.8 
65 67.5  64  64.3  0.3 
67 65  59  60.4  1.5 
  Sensors 2011, 11                                       
 
 
10136
Table 2. Values of the parameters of the reference microcantilever sensor. 
Parameters Magnitude 
E (elastic modulus of SU-8)  3.4 GPa 
L (length of the microcantilever)  500 µm 
b(width of the microcantilever)  100 µm 
t (thickness of the microcantilever)  10 µm 
g (initial gap)  10 µm 
ε (permittivity of air )  8.85 pF/m 
 
Based on the concept development in this paper, the external load applied on the microcantilever 
sensor in the presence of nonlinear electrostatic excitation should be amplified. To confirm the 
proposed idea, the ampliﬁcation factor, AF, is defined as: 
   
        
   
  (21) 
The ampliﬁcation factor demonstrates the ratio of the proposed electrostatic pre-excited 
microcantilever deflection to simple microcantilever sensor deflection due to tip force or distributed 
moment. In Equation (21) ues is the pre-excited nondimensional tip deflection due only to electrostatic 
excitation. For the calculation of ues, the external applied tip force and distributed moment should be 
set to zero, and then Equation (19) be solved for u0 by Newton’s method or any other method used for 
solving the nonlinear algebraic equation. Therefore, the numerator of Equation (19) is the total 
nondimentional microcantilever deformation, u0 (due to electrostatic pre-exciting, the tip force and 
distributed moment) minus the nondimentional microcantilever deformation, ues (only due to 
electrostatic pre-exciting). This term describes the after pre-exciting deflection of microcantilever due 
to tip force or distributed moment. The denominator of Equation (19) is the nondimentional deflection 
of simple microcantilever without electrostatic pre-exciting calculated using Equation (20).  
3. Results and Discussion  
3.1. Influence of Electrostatic Excitation on the Force Amplification  
Table 2 lists the mechanical and geometric properties of the microcantilever used in the rest of 
paper as a reference microcantilever. The mechanical properties of SU-8 have been used for modeling. 
The ampliﬁcation factor for the five different tip forces vs. the various applied voltages can be seen in 
Table 3. An increase in the applied voltage raises the amplification factor. Furthermore, at low applied 
voltage levels, the ampliﬁcation factor for various forces is linear, but nonlinearity starts showing its 
effects as the applied voltage increases to near pull-in voltage. The nonlinearity of the sensor response 
can be accommodated by nonlinear calibration methods which have been greatly advanced these   
days [42]. On the other hand, in many cases only the detection of the presence of a particular material 
may be adequate. For instance, in an application such as finding illegal drugs for which trained dogs 
are utilized for quantitative detection, the important subject is the minimum detection quantity. In these 
conditions, where the presence of a particular material is important but not its precise amount, the 
proposed electrostatic excited microcantilever sensor can be suggested as a rival for trained dogs.  Sensors 2011, 11                                       
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Table 3. Ampliﬁcation factor for various applied voltage. 
Applied Force 
Magnitude 
20 V 40 V 44 V 46 V 47 V 48 V 49 V 
0.1 nN  1.0498  1.3759 1.645 1.947 2.2368 2.8352  5.9678 
1 nN  1.0498  1.3758 1.6447 1.9465 2.2358 2.8327  5.9355 
10 nN  1.0497  1.3749 1.6422 1.9411 2.2262 2.8087  5.6496 
60 nN  1.0494  1.3698 1.6289 1.9126 2.1764 2.6915  4.6951 
100 nN  1.0491  1.3658 1.6187 1.8916 2.1407 2.6132  4.264 
 
In order to increase the amplification factor, the applied voltage should be closer to the pull-in 
voltage. Figure 2 shows the amplification factor variation for the reference microcantilever sensor 
versus the applied force. Since the pull-in measurement can be done with μV accuracy [43], we apply 
voltage to within 1 mV and 10 mV of the pull in voltage. For these two applied voltages the 
amplification factor is higher for a smaller applied force. As an example for the reference 
microcantilever, the amplification factor can intensify the 0.1 nN force by a factor of 74. 
Figure 2. Ampliﬁcation factor vs. various applied force. The applied voltage is 1 mV and 
10 mV under the pull-in voltage. 
 
3.2. Size-Dependent Ampliﬁcation Factor in Electrostatic Exited Microcantilever Sensor  
This section has been devoted to studying the effect on the amplification factor of the proposed 
electrostatic excited microcantilever of the variation of four geometric parameter variations which 
include width, thickness, length and initial gap. First of all, for investigating the influence of initial gap 
on the amplification factor, numerical simulation has been done based on the data obtained from the 
reference microcantilever with an the initial gap that changes from 2 µm to 20 µm. The value of 
excitation voltage in simulation changes corresponding to the initial gap. Table 4 shows the pull-in 
voltage versus the different initial gaps. The excitation voltages are 1 mV under the corresponding 
pull-in voltage. For instance, at the 10 µm initial gap the pull-in voltage of the reference 
microcantilever is equal to 49.2159 V; hence the applied voltage should be 49.2149 V. The simulation 
results for 1 nN applied tip force in Figure 3(a) illustrate how an increase of initial gap leads to a rise in Sensors 2011, 11                                       
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the amplification factor. The reason for this increase in the amplification factor is that the nonlinear 
electrostatic excitation force increases with respect to the tip force. In Equation (19) the deflection due 
to electrostatic excitation (first term on the right hand side of the equation) is related to the V
2/g
3 factor 
which increases based on the values of Table 4. In contrast, the applied force decreases with respect to 
g and V variations (second term on the left hand side of the equation). Hence, the nonlinear effect and 
thus the amplification factor are increased.  
Table 4. Influence of geometric parameters on pull-in voltage and deformation of proposed 
microcantilever sensor with electrostatic excitation (u0  × g ) and without electrostatic 
excitation (ust × g). The applied force is equal to 1 nN and the reference microcantilever 
data has been used for simulation. 
Initial gap (µm)  2  3  4 5 7  10  15  20 
ust × g (nm) 1.1364  1.1364  1.1364  1.1364  1.1364  1.1364  1.1364  1.1364 
u0 × g (µm)  1.076 1.6061  2.1357 2.665  3.723 5.3093 7.9519  10.5938 
Pull-in Voltage (V)  4.3999  8.0847  12.4485  17.3983  28.8224  49.2159  90.4189  139.2118 
Thickness  (µm) 2  4  6  8  10 14  16  20 
ust × g (nm) 142.045  17.756  5.2609  2.2195  1.1364  0.4141  0.1948  0.1420 
u0 × g (µm)  5.3309 5.3318 5.3217 5.3144 5.3093 5.3027 5.2986  5.2971 
Pull-in Voltage (V)  4.3358  12.4288  22.8635  35.2120  49.2159  81.5324  118.8658  139.2181 
Length (µm)  300  400  500  600  700  800  900  1000 
ust × g (nm) 0.2455  0.5818  1.1364  1.9636  3.1182  4.6546  6.6273  9.0909 
u0 × g (µm)  5.2972 5.3033 5.3093 5.3151 5.3207 5.3262 5.3314  5.3364 
Pull-in Voltage (V)  136.7236  76.9043  49.2159  34.1747  25.1049  19.2178  15.1812  12.2936 
Width (µm)  20  40  60  80  100  120  150  200 
ust × g (nm) 5.6818  2.8409  1.8939  1.4205  1.1364  0.947  0.7576  0.5682 
u0 × g (µm)  5.3069  5.3084  5.3089  5.3091  5.3093  5.3094  5.3095  5.3096 
Pull-in Voltage (V)  49.1921  49.207  49.2119  49.2144  49.2159  49.2168  49.2178  49.2188 
Figure 3. The relationship between ampliﬁcation factor and the geometric parameters of 
proposed microcantilever sensor. The applied force is equal to 1 nN and the reference 
microcantilever data has been used for simulation. The excitation voltage is 1 mV below 
the pull-in voltage. 
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Figure 3. Cont. 
 
( c )         ( d )  
In order to study the effect of microcantilever sensor thickness on amplification factor, simulations 
have been performed on the reference microcantilever with the thickness varying from 2 µm to 20 µm 
based on data of Table 4. From the table, it can be seen that for smaller thicknesses, the static 
deﬂection subjected to constant force increases and the pull in voltage decreases. Moreover, in this 
case, as shown in Figure 3(b), the decrease in pull-in voltage generated by a smaller thickness 
increases the amplification factor. It can be concluded that when the pull in voltage decreases, the 
contribution of the nonlinear electrostatic force decreases compared to linear sources of deflection (the 
applied force or moment); so eventually the amplification factor decreases.  
Figure 3(c) depicts the variation in the length of microcantilever vs. the amplification factor. As 
seen, increasing the microcantilever length leads to a reduction in amplification factor, even though it 
also leads to a larger tip displacement (Table 4). This means that if a shorter microcantilever sensor is 
needed for any reason involving lack of space or economical reason then the proposed method is much 
more effective.  
As Table 4 shows, unlike the other three parameters width does not affect the pull in voltage. 
Generally, the deflection due to electrostatic force is independent from microcantilever width; then the 
small change in pull-in voltage is due to microcantilever deflection generated by applied force. 
However, the amplification factor is related to ratio of deflection produced by the electrostatic force to 
that by the applied force. With increases in width, the deflection generated by electrostatic force 
remains constant whereas deflection due to applied tip force increases; hence the nonlinearity and the 
amplification factor increases. This means that a reduction in width leads to a decrease in the 
amplification factor, as shown in Figure 3(d). 
4. Conclusions  
We have presented a novel sensitive microcantilever force sensor with electrostatic excitation in a 
static mode operation. In order to study the performance of the proposed sensor, the governing 
equation of the microcantilever sensor subjected to the electrostatic forces is derived as a two-point 
boundary value problem (BVP). The equation is nonlinear due to the inherent nonlinearity of the 
electrostatic excitation. The nonlinear differential equation is transformed into a nonlinear integral Sensors 2011, 11                                       
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equation using the Green’s function of the microcantilever. Assuming an appropriate shape function 
for the microcantilever deﬂection to evaluate the integrals, closed-form solutions are obtained. Then, 
the displacement of microcantilever tip and pull-in parameters were computed and compared with 
experimental and numerical methods. The results prove the validity of the modeling approach for the 
proposed microcantilever sensor. Using the developed theoretical model, we showed that the proposed 
microcantilever sensor compared with a traditional microcantilever sensor of the same dimensions can 
be 2 to 100 times more sensitive in the cases of force sensor or surface stress sensor. 
Finally, the effects of width, length, thickness, and the initial gap of the microcantilever sensor on 
the sensor amplification factor have been studied. Increasing the initial gap, the thicknesses and the 
width increases the amplification factor. On the other hand, smaller microcantilever lengths generate 
bigger amplification factors.  
References 
1.  Keller, S.; Lillemose, M.; Johansson, A.; Dohn, S.; Haefliger, D.; Blagoi, G.; Jakobsen, M.; 
Boisen, A.H. SU-8 cantilevers for bio/chemical sensing; fabrication, characterisation and 
development of novel read-out methods. Sensors 2008, 8, 1595–1612. 
2.  Ansari, M.Z.; Cho, C. A study on increasing sensitivity of rectangular microcantilevers used in 
biosensors. Sensors 2008, 8, 7530–7544. 
3.  Leïchlé, T.; Lishchynska, M.; Mathieu, F.; Pourciel, J.B.; Saya, D.; Nicu, L. Microcantilever-based 
picoliter droplet dispenser with integrated force sensors and electroassisted deposition means. J. 
Microelectromech. Syst. 2008, 17, 1239–1253. 
4.  Gardner, J.W. Review of Conventional Electronic Noses and Their Possible Application to the 
Detection of Explosives. In Electronic Noses & Sensors for the Detection of Explosives, 1st ed.; 
Gardner, J.W., Yinon, J., Eds.; Kluwer Academic Publishers: New York, NY, USA, 2004; p. 25. 
5.  Boisen, A. Piezoresistive SU-8 Cantilevers for Investigation of Cell-Substrate Interactions. MSc. 
Thesis, University of Copenhagen, Copenhagen, Denmark, September 2005. 
6.  Johansson, A.; Blagoi, G.; Boisen, A. Polymeric cantilever-based biosensors with integrated 
readout. Appl. Phys. Lett. 2006, 89, 173505:1–173505:3.  
7.  Ji, H.F.; Armon, B.D. Approaches to increasing surface stress for improving signal-to-noise ratio 
of microcantilever sensors. Anal. Chem. 2010, 82, 1634–1642. 
8.  Mutyala, M.S.K.; Bandhanadham, D.; Pan, L.; Pendyala, V.P.R.; Ji, H.F. Mechanical and 
electronic approaches to improve the sensitivity of microcantilever sensors. Acta Mech. Sin. 2009, 
25, 1–12.  
9.  Ansari, M.Z.; Cho, C. Deflection, frequency, and stress characteristics of rectangular, triangular, 
and step profile microcantilevers for biosensors. Sensors 2009, 9, 6046–6057. 
10. Ansari, M.Z.; Cho, C.; Kim, J.; Bang, B. Comparison between deflection and vibration 
characteristics of rectangular and trapezoidal profile microcantilevers. Sensors 2009, 9, 2706–2718. 
11. Louia, A.; Goerickeb, F.T.; Rattoa, T.V.; Leeb, J.; Harta, B.R.; King, W.P. The effect of 
piezoresistive microcantilever geometry on cantilever sensitivity during surface stress chemical 
sensing. Sens. Actuat. A Phys. 2008,147, 516–521. Sensors 2011, 11                                       
 
 
10141
12. Sukuabol, S.; Sood, D.K.; Rosengarten, G. Geometric Optimisation of SU-8 Piezoresistive 
Cantilever Sensors for Biochemical Applications. In Proceedings of the 2005 International 
Conference on Intelligent Sensors, Sensor Networks and Information Processing Conference, 
Melbourne, Australia, 5–8 December 2005; pp. 247–252. 
13.  Davisa, Z.J.; Boisen, A. Aluminum nanocantilevers for high sensitivity mass sensors. Appl. Phys. 
Lett. 2005, 87, 013102:1–013102:3.  
14. Chivukula, V.; Wang, M.; Ji, H.F.; Khaliq, A.; Fang, J.; Varahramyan, K. Simulation of   
SiO2-based piezoresistive MCLs. Sens. Actuat. A Phys. 2006, 125, 526–533. 
15.  Yang, M.; Zhang, X.; Vafai, K.; Ozkan, C.S. High sensitivity piezoresistive cantilever design and 
optimization for analyte-receptor binding. J. Micromech. Microeng. 2003, 13, 864–872. 
16.  Yu, X.; Tang, Y.; Zhang, H.; Li, T.; Wang, W. Design of high-sensitivity cantilever and its 
monolithic integration with CMOS circuits. IEEE Sens. J. 2007, 7, 489–495. 
17.  Bashir, R.; Gupta, A.; Neudeck, G.W.; McElfresh, M.; Gomez, R. On the design of piezoresistive 
silicon cantilevers with stress concentration regions for scanning probe microscopy applications.  
J. Micromech. Microeng. 2000, 10, 483–491. 
18.  Yang, M.; Zhang, X.; Ozkan, C.S. Modeling and optimal design of high-sensitivity piezoresistive 
microcantilevers within flow channels for biosensing application. Biomed. Microd.  2003,  5,  
323–332. 
19.  Yang, Y.; Chen, Y.; Xu, P.; Li, Y. Quad-cantilever microsensors with a low-cost single-sided 
micro-machining technique for trace chemical vapor detection. Microelectron. Eng. 2010, 87, 
2317–2322. 
20.  Yang, S.M.; Yin, T.L.; Chang, C. Development of a double-MCL for surface stress measurement 
in microsensors. Sens. Actuat. B 2007, 121, 545–551. 
21. Doll, J.C.; Park, S.J.; Pruitt, B.L. Design optimization of piezoresistive cantilevers for force 
sensing in air and water. J. Appl. Phys. 2009, 106, 064310:1–064310:12.  
22. Thaysen, J.; Yalcinkaya, A.D.; Vettiger, P.; Menon, A. Polymer-based stress sensor with 
integrated readout. J. Phys. D Appl. Phys. 2002, 35, 2698–2703. 
23.  Ransley, J.H.T.; Watari, M.; Sukumaran, D.; McKendry, R.A.; Seshia, A.A. SU8 bio-chemical 
sensor microarrays. Microelectron. Eng. 2006, 83, 1621–1625. 
24.  Chand, A.; Viani, M.B.; Schäffer, T.E.; Hansma, P.K. Microfabricated small metal cantilevers 
with silicon tip for atomic force microscopy. J. Microelectromech. Syst. 2000, 9, 112–116. 
25.  Li, P.; Li, X.; Zuo, G.; Liu, J.; Wang, Y.; Liu, M.; Jin, D. Silicon dioxide microcantilever with 
piezoresistive element integrated for portable ultra resoluble gaseous detection. Appl. Phys. Lett. 
2006, 89, 074104.  
26. Li, P.; Li, X. A single-sided micromachined piezoresistive SiO2 cantilever sensor for 
ultrasensitive detection of gaseous Chemicals. J. Micromech. Microeng. 2006, 16, 2539–2546. 
27.  Shekhawat, G.; Tark, S.H.; Dravid, V.P. MOSFET-embedded microcantilevers for measuring 
deflection in biomolecular sensors. Science 2006, 311, 1592–1595. 
28.  Ramos, D.; Mertens, J.; Calleja, M.; Tamayo, J. Study of the origin of bending induced by 
bimetallic effect on microcantilever. Sensors 2007, 7, 1757–1765. 
29. Schwalb, C.H.; Christina, G.C.; Markus, B.M.; Sachser, R. A tunable strain sensor using 
nanogranular metals. Sensors 2010, 10, 9847–9856. Sensors 2011, 11                                       
 
 
10142
30.  Gersten, D.; Marchalonis, J. An improved method for immobilizing IgG antibodies on protein  
A-agarose. J. Immunol. Methods 1990, 127, 215–219. 
31.  Lee, S.H.; Stubbs, D.D.; Cairney, J.; Hunt, W.D. Rapid detection of bacterial spores using a 
Quartz Crystal Microbalance (QCM) immunoassay. IEEE Sens. J. 2005, 5, 737–743.  
32.  Baselt, D.R.; Lee, G.U.; Colton, R.J. Biosensor based on force microscope technology. J. Vac. 
Sci. Technol. B 1996, 14, 789–793. 
33. Baskaran, R.; Turner, K.L. Mechanical domain coupled mode parametric resonance and 
ampliﬁcation in a torsional mode micro electromechanical oscillator. J. Micromech. Microeng. 
2003, 13, 701–707.  
34.  Yie, Z.; Zielke, A.M.; Burgner, B.C.; Turner, K.L. Comparison of parametric and linear mass 
detection in the presence of detection noise. J. Micromech. Microeng. 2011, 21, 1–5. 
35.  Hua, Z.X.; Gallachera, B.J.; Burdessa, J.S.; Fellb, C.P.; Townsend, K. A parametrically amplified 
MEMS rate gyroscope. Sens. Actuat. A Phys. 2011, 167, 249–260. 
36.  Zhang, Y.; Ren, Q.; Zhao, Y.P. Modelling analysis of surface stress on a rectangular cantilever 
beam. J. Phys. D Appl. Phys. 2004, 37, 2140–2145. 
37. Ramezani, A.; Alasty, A.; Akbari, J. Analytical investigation and numerical veriﬁcation of 
Casimir effect on electrostatic nano-cantilevers. Microsyst. Technol. 2008, 14, 145–157. 
38. Ke, C.H.; Pugno, N.; Peng, B.; Espinosa, H.D. Experiments and modeling of carbon   
nanotube-based NEMS devices. J. Mech. Phys. Solids 2005, 53, 1314–1333. 
39.  Hu, Y.C.; Chang, C.M.; Huang, S.C. Some design considerations on the electrostatically actuated 
microstructures. Sens. Actuat. A Phys. 2004, 112, 155–161. 
40. Sadeghian, H.; Rezazadeh, G.; Osterberg, P.M. Application of the generalized differential 
quadrature method to the study of pull-in phenomena of MEMS switches. J. Microelectromech. 
Syst. 2007, 16, 1334–1340. 
41. Chaterjee, S.; Pohit, G. A large deﬂection model for the pull-in analysis of electrostatically 
actuated microcantilever beams. J. Sound Vib. 2009, 322, 969–986. 
42.  Hui, X.; Vitard, J.; Haliyo, D.S.; Regnier, S. Enhanced accuracy of force application for AFM 
nanomanipulation using nonlinear calibration of optical levers. IEEE Sens. J. 2008, 8, 1478–1485 
43. Sadeghian, H.; Goosen, H.; Bossche, A.; van Keulen, F. Application of electrostatic pull-in 
instability on sensing adsorbate stiffness in nanomechanical resonators. Thin Solid Films 2010, 
518, 5018–5021. 
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/).  